The generation of an inflammatory response driven by Trypanosoma cruzi or its subproducts appears to be essential for tissue injury and disease pathogenesis. However, this inflammatory response is also relevant in the control of T. cruzi replication. The lipid mediator platelet-activating factor (PAF) has been implicated in a number of pathological conditions characterized by tissue inflammation. In the present study, we aimed at evaluating the role of PAF during T. cruzi infection by using mice that were genetically deficient in the PAF receptor. We observed that infected hearts of PAFR -/-mice had an increased number of parasite nests, associated with a more intense inflammatory infiltrate. This was associated with greater parasitemia and lethality. When wild-type and PAFR -/-mice were compared, there were no marked changes in the kinetics of the expression of MCP-1, RANTES, IFN-c and TNF-a in heart tissue of infected animals. Moreover, serum concentrations of TNF-a, nitrate and parasite-specific IgM were similar in both groups of mice. In vitro, macrophages from PAFR -/-animals did not phagocytose trypomastigote forms when activated with PAF, leukotriene B 4 or MCP-1 and produced less nitric oxide when infected and activated with IFN-c. These results are consistent with the hypothesis that endogenous synthesis of PAF and activation of PAF receptors control T. cruzi replication in mice in great part via facilitation of the uptake of the parasite and consequent activation of macrophages.
Introduction
Chagas' disease, a common cause of congestive heart failure and sudden death in South and Central America, is caused by a hemoflagellate parasite, Trypanosoma cruzi, which is widely distributed in this geographic area [1, 2] . The generation of an inflammatory response driven by T. cruzi or its subproducts appears to be essential for tissue injury and disease pathogenesis [3, 4] . In addition to parasite-driven inflammation, an autoimmune component may also play a role in the tissue damage during the chronic stages of the disease, especially in cardiac tissues [5] [6] [7] . The inflammation observed in infected tissues is characterized by the infiltration of CD4 + and CD8 + T cells and macrophages, which appear to secrete a range of cytokines, chemokines, oxygen reactive products and other inflammatory mediators, such as platelet-activating factor (PAF) and leukotriene B 4 (LTB 4 ) [3, [8] [9] [10] [11] [12] [13] . Although inflammation determines tissue damage, the cellular influx and mediators formed in response to parasite invasion appear to be relevant in the control of T. cruzi replication. The question of whether a similar set of mediators is responsible for tissue damage and defense against the parasite clearly deserves investigation.
The lipid mediator PAF (1-0-alkyl-2-acetyl-sn-glyceryl-3-phosphorocholine), is produced by a diverse number of inflammatory cells, including macrophages, neutrophils, ba-sophils, eosinophils, platelets and endothelial cells [14, 15] . PAF has been implicated in a number of pathological conditions, including endotoxic shock, thrombosis, allergic reactions and a variety of other inflammatory conditions [14] [15] [16] . Studies on immunity to T. cruzi infection have focused on the relationship between cytokines/chemokines and production of nitric oxide (NO) and oxygen intermediates [3, 4, 8, 17, 18] . The involvement of other mediators, such as those derived from membrane metabolism, in immunity to T. cruzi has been largely ignored. More recently, our group demonstrated that PAF and another lipid mediator, LTB 4 , were able to induce NO and tumor necrosis factor-a (TNF-a) synthesis in cultured T. cruzi-infected peritoneal macrophages and kill the parasite in a NO-dependent manner [12, 19] . In vivo, blockade of PAF or LTB 4 receptors was accompanied by higher parasitemia and lower survival of infected animals [12, 19] .
In the present study, we aimed at evaluating the protective role of PAF during T. cruzi infection by using mice that were genetically deficient in the PAF receptor [20] . Moreover, we evaluated several aspects of the inflammatory response and parasitological indices during T. cruzi infection in an attempt to identify mechanisms involved in the protective effects of PAF in our model. We observed that infected hearts of PAFR -/-mice had an increased number of parasite nests, associated with a more intense inflammatory infiltrate. This was associated with greater parasitemia and lethality. In vitro, macrophages from PAFR -/-animals did not phagocytose trypomastigote forms when activated with PAF, LTB 4 or MCP-1 and produced less NO when infected and activated with IFN-c. Together with our previous studies [12, 19] , our results are consistent with the hypothesis that endogenous synthesis of PAF and activation of PAF receptors control T. cruzi replication in mice in great part via facilitation of the phagocytosis of the parasite and consequent activation of macrophages.
Materials and methods

Experimental animals
Female C57BL/6 wild-type and PAF receptor-deficient mice [20] were bred at Centro de Pesquisas Gonçalo Muniz, FIOCRUZ (Salvador, Brazil) and maintained under standard conditions in the animal house of our institution. Animals were used when 8-10 weeks old. All procedures had prior approval from the local animal ethics committee.
Parasites and experimental infection
The Y strain of T. cruzi was used in all experiments. Trypomastigote forms were cultured and purified from the monkey kidney fibroblast cell line LLC-MK2 for experiments in vitro. C57BL/6 mice were infected intraperitoneally with 5 × 10 3 blood trypomastigote forms, and parasitemia was evaluated daily by counting the number of parasites in 5 µl of blood from a tail vein, as previously described [21] .
Macrophage culture
Inflammatory macrophages were harvested from the peritoneal cavity of mice 3 d after the injection of 1.5 ml of 3% (w/v) sodium thioglycolate (Sigma). Cells (10 6 /ml) were plated onto chamber slides in 24-well tissue culture plates and incubated for 2-4 h at 37°C. The non-adherent cells were removed by exhaustive washing with Hank's medium. Adherent cells were then infected at a parasite-to-cell ratio of 1:1 for 120 min. After incubation with T. cruzi, extracellular parasites were removed by six washes with RPMI-1640 and infected macrophages were incubated at 37°C in 5% CO 2 in the presence or absence of 50 U/ml of recombinant murine IFN-c (Life Technologies, Bethesda, Md.) for 48 h. Supernatants from these infected cultured peritoneal macrophages were collected to measure NO 2 + NO 3 (NO x ) levels, as described below.
In parallel experiments, the uptake of trypomastigote forms by macrophages was evaluated in vitro [17] . Macrophages (10 6 /ml) derived from the peritoneal cavity of wild-type or PAFR -/-mice were plated onto glass slides that fitted 48-well plates. After washing to remove non-adherent cells, macrophages were treated with PAF (10 -7 M), LTB 4 (10 -6 M) or MCP-1 (10 -7 M) for 10 min. Parasites were added in a 2:1 parasite:cell ratio, and 2 h later the extracellular trypomastigote forms were removed by washing with RPMI-1640. The macrophages were fixed with methanol and stained with Giemsa solution (1:20) in order to determine the number of intracellular amastigotes. At least 200 macrophages were analyzed on each slide, and all experiments were carried out in triplicate.
NO x measurement in vivo and in vitro
Nitrite levels in supernatants of infected macrophage cultures were determined using the Griess reaction, as an index of the NO produced [22] . To determine the levels of NO x in vivo, blood was collected on different days before sacrifice of infected wild-type and transgenic animals. Serum was obtained from these samples, and NO x was measured using the Griess reaction [22] after treatment of samples with nitrate reductase [23] .
TNF-␣, IFN-c, RANTES and MCP-1 measurement
Left and right ventricles from wild-type and PAFR -/-mouse hearts were homogenized in phosphate-buffered saline (PBS) pH 7.4, centrifuged at 1000 rpm at 4°C and supernatants were stored at -70°C. The concentrations of TNF-a, IFN-c, MCP-1 and RANTES in cardiac extracts were evaluated by ELISA using commercially available antibodies and according to the protocol provided by the supplier (duo-set R&D Systems).
IgM ELISA
Flat-bottom 96-well microtiter plates (Nunc) were coated with 100 µl/well of the T. cruzi epimastigote antigen (10 µl/ml) at 4°C overnight and then washed with 1× PBS (pH 7.4) containing 0.05% Tween-20 (wash buffer). Nonspecific binding sites were blocked 2 h with 200 ml/well of 1% BSA in PBS. Plates were rinsed with wash buffer and 1:100 diluted serum samples were added (100 µl/well), followed by incubation for 1 h at room temperature. Plates were then washed and 100 µl/well of the anti-IgM biotinylated detection antibodies 1:20,000 diluted in wash buffer were added for 1 h at room temperature. After that, plates were newly washed, 1:4000 wash buffer diluted streptavidinhorseadish peroxidase was added (100 µl/well), and the plates were incubated for 30 min at room temperature. Plates were then washed, 100 µl/well of the 0.04% chromogen substrate OPD (o-phenylendiamide, Sigma) diluted in citrate buffer (pH 5.0) containing 0.02% 30 v/v H 2 O 2 was added, and the plates were incubated in the dark for 30 min at room temperature. The reaction was terminated with 50 µl/well of 1M H 2 SO 4 solution. Plates were read at 492 nm in a spectrophotometer (E max-Molecular Devices). All samples were assayed in duplicate.
Histology
Hearts were removed at necropsy, and sections were immediately fixed in 10% phosphate-buffered formalin. After fixation, sections were prepared by standard methods for paraffin-embedded blocks, and cut sections were stained with hematoxylin and eosin. Cardiac parasitism and inflammation of ventricles were estimated in three different 7-µm-depth sections in each heart, and five different animals were analyzed in each group. Amastigote nests and inflammation were assessed with a Zeiss (Öberkohen, Germany) integrating eyepiece, with 100 hits at a final magnification of 400×. A total of 3000 hits was evaluated in each section of cardiac tissue. The infection index represents the number of hits covered by amastigote nests, and the inflammatory index represents the number of hits in which inflammatory cells were present.
Statistical analysis
All results are presented as the mean ± S.E.M. Normalized data were analyzed by one-way ANOVA and differences between groups were assessed using the Student-NewmanKeuls post-test. A value of P < 0.05 was considered to be significant. All analyses were made using the INSTAT program (Graph PAD Software, Inc. San Diego, California).
Results
Infection indices in T. cruzi-infected PAFR -/-mice
We have previously shown that blockade of PAFR with the PAFR antagonist WEB-2170 [2] or UK-74,505 (our own unpublished data) was associated with increased parasitemia following infection with 5 × 10 3 T. cruzi trypomastigotes. Here, parasitemia in PAFR -/-mice was approximately twice that of C57BL/6 wild-type mice at the peak of parasitemia (Fig. 1A) . More importantly, the survival of infected PAFR -/-mice was lower than that of infected wild-type mice (Fig.  1B) . Indeed, 15 d after infection, none of the PAFR -/-mice, but around 70% of wild-type animals were alive (Fig. 1B) .
Pathological alterations in T. cruzi-infected PAFR -/-mice
The morphological analysis of cardiac tissue of wild-type mice 10 and 15 d after infection showed few parasite nests scattered throughout the tissue ( Fig. 2A) . Parasite nests were already noticeable 10 d after infection only in PAFR -/-mice ( Fig. 2A) . Albeit in small quantities, heart sections of PAFR -/-mice had three-fold more parasite nests than those of wild-type mice 15 d after infection (Fig. 2A) . Heart inflammation was characterized by the presence of multiple inflammatory focci composed mainly of mononuclear cells and a diffuse mononuclear cell infiltrate. The inflammatory infiltrate was already present on day 10 after infection but was more marked on day 15 in wild-type mice (Fig. 2B) . Tissue inflammation in heart sections of PAFR -/-mice was of greater magnitude than that found in sections of hearts from wild-type mice (Fig. 2B) .
TNF-␣, MCP-1, RANTES and IFN-c synthesis in heart tissue T. cruzi-infected PAFR -/-mice
The concentrations of TNF-a in serum of T. cruzi-infected wild-type and PAFR -/-mice are shown in Fig. 3A . Concentrations of TNF-a in serum of PAFR -/-mice were 28% lower than those of wild-type mice, but this difference failed to reach statistical significance (P = 0.06). TNF-a was not detected in serum of uninfected controls. Similarly, there was no significant difference between the concentration of nitrate and nitrite (NO x ) in serum samples of PAFR -/-and wild type after T. cruzi infection (Fig. 3B) .
We have previously demonstrated the expression of TNF-a, RANTES, MCP-1 and IFN-c mRNA in cardiac tissue of mice following T. cruzi infection [11] . Here, the concentrations of TNF-a, RANTES, MCP-1 and IFN-c protein in heart tissues were detected using ELISA. Five days after infection, the concentration of TNF-a in infected mice was already elevated, and dropped to those found in uninfected controls by day 15 (Fig. 4A) . The concentration of MCP-1 in infected wild-type mice was significantly greater than uninfected controls from day 5 and remained elevated throughout the 15-day observation period (Fig. 4B) . The concentrations of TNF-a and MCP-1 in heart tissue of PAFR -/-mice were not different from those of infected wild-type mice (Fig. 4A,B) . In contrast, there were some differences in the concentration of RANTES between the two groups. The RANTES concentration was higher than in uninfected controls only 10 d after infection, decreasing on day 15 (Fig. 4C) . Ten days after infection RANTES protein expression was lower in PAFR -/-than wild type. However, there was a 40% increase in the levels of RANTES in PAFR -/-on day 15 (Fig. 4C) . Concentrations of IFN-c in heart tissue of infected wild-type mice were elevated from days 5 through 15 after infection, although there was a tendency for IFN-c to drop on day 15 (Fig. 4D) . The concentrations of IFN-c in PAFR -/-mice were similar to those of wild-type controls at days 5 and 10 after infection and significantly greater on day 15 (Fig. 4D) . 
. Quantification of infection (A) and tissue inflammation (B) in PAFR
-/-and wild-type mice. PAFR -/-and wild-type (WT) mice were infected with 5 × 10 3 trypomastigote forms of T. cruzi intraperitoneally, and inflammatory and parasitological indices were evaluated 10 and 15 d after infection. Results are shown as the mean ± S.E.M. of five mice per group. * and * * for P < 0.05 and 0.01, respectively, when compared with wild-type mice.
Fig. 3. Serum concentrations of TNF-a (A) and nitrate/nitrite (B) during experimental T. cruzi infection in PAFR
-/-and wild-type mice. PAFR -/-and wild-type (WT) mice were infected with 5 × 10 3 trypomastigote forms of T. cruzi intraperitoneally, and serum concentrations of TNF-a and nitrate/nitrite (NO x ) were evaluated 10 d after infection. Results are shown as the mean ± S.E.M. of five mice per group.
Titers of parasite-specific IgM
In order to evaluate whether the deficiency in PAFR would be accompanied by an altered ability of the host to mount an effective humoral response, parasite-specific IgM was measured after T. cruzi infection in wild-type and PAFR -/-mice. As clearly seen in Fig. 5 , IgM was much greater in infected mice than in non-infected controls, but there was no significant alteration in the levels of this immunoglobulin between wild-type and PAFR -/-mice.
Defective parasite uptake in PAFR -/-mice
The pretreatment of macrophages with PAF, LTB 4 and MCP-1 is accompanied by an early (within 2 h) increase in the uptake of parasites and a late (within 48 h) activation of inducible nitric oxide synthase (iNOS) and NO-dependent parasite killing [12, 17, 19] . In our experiments, pretreatment of macrophages derived from wild-type mice with PAF, LTB 4 or MCP-1 also induced a significant increase (1.5-fold increase of the basal uptake) in the early uptake of parasites (Fig. 6) . In contrast, these agents failed to induce an increase in parasite uptake by macrophages derived from PAFR -/-mice (Fig. 6 ).
NO production by infected peritoneal macrophages
Pretreatment with PAFR antagonists partially inhibits the production of NO by infected macrophages activated with IFN-c [12, 19] . Uninfected macrophages from wild-type and PAFR -/-mice did not produce detectable concentrations of NO. When these cells were infected with T. cruzi in the presence of IFN-c, macrophages from wild-type mice produced greater levels of NO than macrophages from PAFR -/-mice (infected wild-type macrophages + IFN-c, 46.1 ± 3.0 µM of nitrite; infected PAFR -/-macrophages + IFN-c, 21.6 ± 0.4 µM, P < 0.05).
Discussion
PAF, a membrane-derived phospholipid, is produced by a diversity of leukocytes and possesses widely recognized pro- inflammatory activities [14, 15] . Here, we aimed at evaluating a pathophysiological role for PAF receptor during experimental T. cruzi infection by using animals genetically deficient for this receptor [20] . We evaluated potential differences in cardiac tissue inflammation and parasitism and in the production of cytokines between wild-type and PAFR -/-C57BL/6 mice.
Our results show that PAFR -/-mice are more susceptible to T. cruzi infection than their wild-type controls. Thus, PAFR -/-mice infected with T. cruzi had at least twice the amount of parasites in blood at the peak of parasitemia. The latter results are in agreement with our previous studies with PAFR antagonists [19] . Despite the paucity of amastigote nests in heart tissues of infected mice, the present study showed that there was greater tissue parasitism in PAFR -/-than in wild-type mice. Overall, the above results suggest that PAFR plays a relevant role in controlling parasitemia and tissue parasitism. More importantly, the increased tissue and blood parasitism and tissue inflammation in PAFR -/-animals was associated with lower survival following T. cruzi infection. The mechanism of infection-associated death was not investigated here, but it is clearly correlated with the inability of the murine host to deal with T. cruzi infection.
The production of IFN-c by immune cells and the elevation of parasite-specific IgM are important immunological factors involved in host resistance to T. cruzi infection [5] [6] [7] [8] . Thus, it was possible that a defective production of IFN-c or IgM could account for the inability of PAFR -/-mice to deal with T. cruzi infection. However, our results suggest that this may not be the case, as the expression of IFN-c in tissue and serum levels of IgM were similar in PAFR -/-and wild-type mice. Indeed, there was an even greater concentration of IFN-c in heart tissue of PAFR -/-mice at the later stages of the infection. Whether this simply reflects (or causes) the greater presence of inflammatory cell infiltrate or whether the lack of PAFR facilitates the production of IFN-c was not investigated here.
Several studies have demonstrated a role of PAF and its receptor for the migration of leukocytes during acute and chronic inflammation [15, [24] [25] [26] . These actions of PAFR may be via a direct action of PAF on the leukocyte inducing its direct recruitment or via the production of PAF-induced chemoattractant mediators, such as LTB 4 or IL-8 [12, 15, 27] . In PAFR -/-mice, the greater intensity of tissue parasitism following T. cruzi infection was associated with a greater intensity of tissue inflammation. Thus, in contrast to other models of inflammation where PAF is relevant for the recruitment of inflammatory cells, it appears that activation of PAFR does not play a crucial role in the cascade of events that leads to the migration of leukocytes to heart tissue following T. cruzi infection in mice.
As tissue inflammation was enhanced in heart tissue of PAFR -/-mice, it was of interest to examine whether there was an increase in the tissue levels of chemoattractants thought to be relevant during experimental T. cruzi infection [3] . To this end, we measured the levels of the chemokines RANTES and MCP-1 in heart tissue of infected wild-type and PAFR -/-mice from 5 to 15 d after infection. Message RNA for both chemokines has been detected in T. cruziinfected macrophages in vitro and in heart tissue following experimental infection in mice [11, 17, 28] . In addition, we have recently shown that MCP-1 release accounts for the ability of glycosylphosphatidylinositol-anchored mucin-like glycoproteins present on trypomastigotes to induce leukocyte recruitment in IFN-c-primed mice [9] . MCP-1 was produced throughout the course of the infection, and no significant differences could be observed between wild-type and PAFR -/-mice. There was also significant expression of RANTES, especially after the 10th day of infection. In PAFR -/-mice, the levels of RANTES were lower than in controls on day 10 and higher on day 15. As heart tissue inflammation in PAFR -/-mice was already greater than controls on day 10, it is unlikely that RANTES would explain the greater tissue inflammation observed in these animals. However, the elevated levels of this chemokine in the later stages of infection (day 15) could be a contributing factor to the greater infiltration of leukocytes at a later stage. Interestingly, there was a good correlation between the expression of RANTES and IFN-c in heart tissue in wild-type and PAFR -/-mice. In the latter group of animals, the increase in RANTES on day 15 above levels in infected wild-type mice was mirrored by an increased expression of IFN-c. This is in agreement with our previous studies and suggestion that IFN-c is a major regulator of RANTES and other chemokines during experimental T. cruzi pathology [3, 11] .
As inhibition of chemoattractant production and the influx of leukocytes did not appear to account for the worsening of experimental T. cruzi infection, we then evaluated whether the activation of PAFR was relevant for the production of TNF-a and NO, as we have previously demonstrated in vitro [12, 19] . The concentration of NO 2 /NO 3 in plasma of infected wild-type and PAFR -/-mice was not significantly different. Similarly, there was no marked difference in concentration of TNF-a in plasma of PAFR -/-and wild-type mice. High levels of TNF-a were measured in heart tissue from the 5th to the 15th day of infection, in agreement with the ability of infected macrophages and cardiomyocytes to produced this cytokine [29] . Again, no differences were observed between wild-type and PAFR -/-mice. Thus, whereas PAFR may be relevant for the ability of infected macrophages to produce TNF-a in vitro, this receptor does not have any marked influence on the production of TNF-a when evaluated in the whole extract of the heart or in plasma.
The addition of chemoattractant mediators-including PAF, LTB 4 and MCP-1-to T. cruzi-infected peritonealderived macrophages induced the production of NO and NO-dependent killing [12, 17, 19] . NO production was greatly associated with an early increase in parasite uptake and a late activation of iNOS [12, 17, 19] . Preliminary studies from our laboratory suggest that chemoattractant-induced increase in parasite uptake appears to be secondary to the ability of these molecules to induce the phagocytosis of the parasite by macrophages (Santana et al., in preparation). Thus, whereas basal uptake of T. cruzi by macrophages was largely phagocytosis independent, chemoattractants enhanced parasite uptake through a mechanism suppressed by drugs that prevented phagocytosis. Importantly, the enhanced uptake of T. cruzi by macrophages was accompanied by enhanced NO production and NO-dependent killing [12, 17, 19] . Here, pretreatment of macrophages with PAF, LTB 4 or MCP-1 enhanced parasite uptake in wild-type but not in PAFR -/-mice. Of interest, PAF may not only act on surface receptors but also on nuclear PAFR to induce gene transcription and leukocyte activation [30] , suggesting that measurement of PAF on supernatants is not useful, especially when there is a marked functional phenotype induced by PAFR antagonists or in gene-deficient mice. This is a situation similar to the necessary role of PAFR for the ability of neutrophils to phagocytose zymosan [27] . Overall, these results argue for an important role of PAFR in mediating uptake of T. cruzi parasites, possibly via facilitation of the expression of integrins [27] and phagocytosis. As enhanced early T. cruzi uptake is associated with enhanced NOdependent killing at a later stage, it is possible that the greater tissue and blood parasitism observed in PAFR -/-mice may be secondary to the inability of tissue macrophages to deal with T. cruzi infection in vivo. In addition, IFN-c-induced NO production was also partially dependent on the activation of PAFR, as demonstrated by experiments with PAFR antagonists [12, 19] and PAFR -/-mice (shown here).
Thus, a situation may arise where, although present in sufficient numbers, macrophages may be unable to deal with infection, as they are not capable of phagocytosing and do not produce the necessary molecules, such as NO, to kill the parasite. The reason why macrophages treated with PAFR antagonists or those derived from PAFR -/-mice have defective NO production in the presence of IFN-c is unknown. Nevertheless, our data suggest that the role of PAF during T. cruzi infection may stem from the role of this mediator in promoting phagocytosis of the parasite particle and subsequent production of effector molecules, such as NO. Further studies are necessary to evaluate the role of this lipid mediator for T. cruzi in other species and in humans.
